The octet-baryon axial-vector charges and the g1/f1 ratios measured in the semileptonic hyperon decays are studied up to O(p 3 ) using the covariant baryon chiral perturbation theory with explicit decuplet contributions. We clarify the role of different low-energy constants and find a good convergence for the chiral expansion of the axial-vector charges of the baryon octet, g1 (0), with O(p 3 ) corrections typically around 20% of the leading ones. This is a consequence of strong cancellations between different next-to-leading order terms. We show that considering only non-analytic terms is not enough and that analytic terms appearing at the same chiral order play an important role in this description. The same effects still hold for the chiral extrapolation of the axial-vector charges and result in a rather mild quark-mass dependence. As a result, we report a determination of the leading order chiral couplings, D = 0.623(61)(17) and F = 0.441 (47)(2), as obtained from a completely consistent chiral analysis up to O(p 3 ). Furthermore, we note that the appearance of an unknown low-energy constant precludes the extraction of the proton octet-charge from semileptonic decay data alone, which is relevant for an analysis of the composition of the proton spin.
I. INTRODUCTION
The non-perturbative regime of QCD is dominated by the spontaneous breaking of the chiral symmetry. Based on that, an effective field theory of QCD at low-energies is constructed using the pseudo-scalar mesons and baryons as basic degrees of freedom. This theory is called baryon chiral perturbation theory (BχPT) [1] [2] [3] [4] , and it parametrizes the axial-vector (AV) structure of the octet baryons and the meson-baryon interaction at leading order (LO) by the only two low-energy constants (LECs), D and F . These are essential parameters in this model-independent approach and they are one of the main topics of this work.
A reliable experimental source to determine D and F are the ratios of the axial-vector and vector couplings, g 1 /f 1 , as measured in the semileptonic hyperon decays (SHD) 1 . Already several decades ago Cabibbo proposed a SU (3) symmetric model [6] for the weak hadronic currents. A fit of this model to the current data is very successful, yielding D ≈ 0.804 and F ≈ 0.463, and implying that SU (3) symmetry breaking effects in SHD are small [7] . Supporting this interpretation, the experimental measurements of g 1 /f 1 in the n → peν and Ξ 0 → Σ + eν decays, which are predicted by this model to be exactly equal, differ only by a ∼ 5% [5, 8, 9] .
From a modern perspective the success of the Cabibbo model is intriguing given that the SU (3)-flavor symmetry is explicitly broken by m s ≫ m u ∼ m d . For instance, in BχPT this model corresponds to the LO approximation while nearly all higher order corrections break the SU (3) symmetry. As a consequence, the next-to-leading order (NLO) contributions must arrange themselves in such a way that the net breaking effects remain small. Additionally, the total NLO effect has also to be small compared to the LO one for the chiral expansion to make sense.
These issues were discussed in the foundational papers of the heavy-baryon (HB)χPT approach [10, 11] , where it was found that the NLO chiral corrections to the AV charges can be large and problematic. However, a cancellation mechanism between loops with intermediate octet-and decuplet-baryons was revealed and showed to produce a reasonable description of the data and convergence of the chiral series. This was later found to be a consequence of the SU (6) spin-flavor symmetry that emerges in the large N c limit of the baryonic sector of QCD. Thus, much of the subsequent work on the axial structure has focused on the combination of HBχPT and Large N c to ensure the octet-decuplet cancellations at each level of the perturbative expansion [12] [13] [14] [15] [16] [17] .
Nevertheless, from the point of view of the chiral expansion all the early and later works in HBχPT were not entirely systematic as they focused on the loop corrections but neglected the effects of various local operators appearing at NLO. In fact, there is a total of six new LECs that contribute to the AV charge in SHDs at this order. Four of them break SU (3) whereas the other two have the same structure as D and F but come multiplied by a singlet combination of quark masses. As a result, one can absorb the latter into D and F , and fit the resulting six LECs to the six available measurements of g 1 /f 1 . Such a study has been carried out in the infrared (IR) scheme of covariant BχPT [18, 19] , and it was shown that the recoil corrections included in the relativistic calculation of the loops in this approach could be as large as the LO contributions. The main conclusion of this work was that the chiral expansion of AV charges is not convergent [18] .
These findings and, in general, the analysis of the AV couplings in BχPT need to be revisited. In the first place, the IRBχPT employed in the latter work is known to introduce spurious cuts that can have important effects in phenomenology [20] [21] [22] [23] . Secondly, the decuplet contributions were neglected despite the fact the typical octetdecuplet mass splitting, (M ∆ − M N )/Λ SB ≈ 0.3, is smaller than the perturbation M K /Λ SM ≈ 0.5 and their effects provide the important source of cancellations at NLO induced by the symmetries of QCD at Large N c . Finally, the absorption of the two O(p 3 ) singlet LECs into D and F precludes a definite discussion on the chiral convergence as these contributions appear at different orders.
In this work we analyze the AV charges of the baryons in a completely consistent fashion within BχPT and put the description of the experimental g 1 /f 1 ratios on a systematic ground. We employ the extended-on-mass-shell renormalization scheme (EOMS) [24, 25] , which is a relativistic solution to the power counting problem found in [4] that leaves the analytic structure of the relativistic loops intact. To include explicit decuplet contributions and to ensure the decoupling of the spurious spin-1/2 components of the spin-3/2 Rarita-schwinger fields, we use the consistent couplings of [26] [27] [28] [29] [30] . In contrast to the IRBχPT study [18] , we do not absorb O(p 3 ) LECs in D and F . In order to disentangle the two singlet LECs we use the recent N f = 2 + 1 lattice QCD (lQCD) calculations [31, 32] of the isovector AV constants g 3 A of the proton, Σ + and Ξ 0 . These are additional data points which we include in our fits along with the experimental SHD data.
We report that BχPT at O(p 3 ) successfully describes the AV charges of the baryon octet. The NLO corrections are typically about ∼ 20% of the LO ones, which is consistent with the expectations for a convergent expansion. We extract D and F at this order and we discuss further implications of our study for the structure of the spin of the proton.
The work is organized as follows. Section two defines the AV form factors and gives the measured transitions used as fit input. The third section introduces the covariant SU (3) BχPT with explicit decuplet degrees of freedom and the EOMS renormalization scheme. In the fourth section we present and discuss the results of our SHD study. The fifth section summarizes our work and relevant technical expressions are given in the appendices.
II. SEMILEPTONIC HYPERON DECAYS AND AXIAL-VECTOR FORM FACTORS
The AV structure of the baryon octet can be accessed via the β-decays of hyperons, B → B ′ eν e . We parametrize the decay amplitude as [7] 
with u (p), u ′ (p ′ ) the spin-1/2 spinors for the baryons B and B ′ with momenta p, p ′ and u e (p e ), v ν (p ν ) as the electron and anti-neutrino spinors with momenta p e , p ν . The coupling G is defined by G = G F V ud for the strangenessconserving and G = G F V us for the strangeness-changing processes with |∆S| = 1, where G F and V ud(us) are the Fermi coupling constant and the respective CKM matrix elements. Using parity-invariance arguments, both the vector and with σ αβ = i γ α , γ β /2 and q α = (p ′ − p) α and f i , g i as the vector and AV form factors, normalized by the mass M B of the baryon B. These functions contain information about the internal structure of the baryons as probed by AV sources.
The quantities we study in this work are the AV charges g
. They are part of the ratios g 1 (0) /f 1 (0) ≡ g 1 /f 1 which are measured through the SHD. The SU (3) breaking corrections to the vector charges are of a few percent [33] [34] [35] [36] and can be safely neglected at the NLO accuracy in the chiral expansion of g 1 /f 1 . Thus, we use the SU (3) symmetric values for f 1 (0) ≡ f 1 to extract experimental values for g 1 .
In Tab. I we list the only six measured SHD processes which are not related by isospin symmetry, as e.g. f
. The data is taken from [5] , where a different notation for the β-decay is used, which results in a different sign of the g 1 definition. For the sign of the mode Ξ 0 → Σ + we also refer to Refs. [8, 9] . Furthermore, we list the SU (3) symmetric values for the f 1 and g 1 results of the Cabibbo model [7] , which are equivalent to the BχPT at LO. Finally, for the
and g 1 can be determined directly from the total decay rate [5] .
In addition to the experimental data, we use also lQCD results from N f = 2 + 1 ensembles for the isovector AV charges of the proton, Σ and Ξ. Introducing these results at different non-physical quark masses allows for separating the LO parameters D and F from other p 3 LECs. In particular, we include the lowest M π data points from the Hadron-Spectrum collaboration [31] as well as the whole set of the AV ratios for Σ + /P and Ξ 0 /P from the QCDSF-UKQCD collaboration [32] . The latter study is done along the SU (3) singlet line where the quantity 2M 2 k +M 2 π is kept constant with the pion and kaon masses each chosen to be smaller than the physical kaon mass. We individually list all these data points in Tab. I. However, we have to note that the AV coupling of the proton is known to suffer from not fully-understood lattice artifacts [37, 38] . Therefore, we increase the lQCD uncertainties to be a ∼ 10% relative to the central values, which is roughly a factor 5 larger than the errors usually quoted. We assume this accounts for lattice systematic effects such as excited-state contamination, finite-volume or discretization corrections which will not be addressed in this work.
For the isovector AV form factors we use the following parametrization:
with λ 3 as a Gell-Mann matrix and G
3
A,BB q 2 = 0 ≡ g BB A,3 as the isovector AV constant and G 3 P,BB p 2 the induced pseudo-scalar form factor. It is worth recalling that these form factors are related by isospin symmetry to those appearing in the β-decays n → p, 
III. BARYON CHIRAL PERTURBATION THEORY
Chiral perturbation theory (χPT) allows for model-independent and systematic studies of hadronic phenomena in the low-energy regime of QCD. It consists of a perturbative expansion in p/Λ SB where Λ SB = 4πf π ≈ 1 GeV is the scale of the spontaneous chiral symmetry breaking and p is either the typical energy involved in the process or the quark-masses which break the chiral symmetry explicitly [1] [2] [3] . Only chiral-symmetry arguments are used to construct the effective Lagrangian. The free LECs appearing with the different operators must be determined using nonperturbative calculations in QCD (e.g. lQCD) or experimental data.
The extension of χPT to the baryon sector implies some difficulties. One is that the baryon mass introduces a new hard scale which leads to the breakdown of the naive power counting [4] . This can be solved by integrating out these hard modes from the outset, like in HBχPT, although the recoil corrections to the loop functions, incorporated orderby-order in the HB expansion, can be large, especially in SU (3) [20, 30, 39, 40] . Alternatively, one can use a manifestly covariant formulation exploiting the fact that all the power-counting breaking terms are analytic [19] . Therefore, they have the same structure as the local operators of the most general chiral Lagrangian and can be cancelled by a suitable renormalization prescription. Two schemes stand out among the manifestly covariant formalisms, the IRChPT [19] and the EOMS ChPT [24, 25] . The IRChPT [19] uses a regularization procedure which has been shown to alter the analytic structure of the loops and to spoil the description of some observables [20] [21] [22] [23] . On the other hand, the EOMS scheme is a minimal-subtraction scheme in which the finite parts of the available bare LECs cancel the power-counting-breaking terms [24, 25] . This procedure has the advantage that it incorporates the recoil corrections of the loops graphs to all orders in consistency with analyticity. A second difficulty in BχPT is related to the closeness in mass of the decuplet resonances. Indeed, the octet-decuplet mass splitting ∆ is about 300 MeV, which is smaller than the maximal scale of perturbations M K ∼ 495 MeV, and the decuplet baryons should be introduced as dynamical degrees of freedom in the framework.
In this work we employ the covariant SU (3) BχPT up to order p 3 with inclusion of explicit decuplet degrees of freedom and the EOMS renormalization scheme [24, 25] . The field content of the theory are the octet baryons, B (x), and decuplet baryons, T (x), interacting with the pseudo-scalar octet φ (x) and an external AV field a µ (x). We use an equivalent of the small-scale-expansion scheme [41] to count p ∼ M φ ∼ ∆ ∼ ǫ, denoting all small scales commonly by ǫ. Accordingly, the chiral order n of a Feynman graph is given by
for a graph with L loops, N φ internal mesons, N B internal octet baryons, N D internal decuplet baryons and V k vertices from a L (k) Lagrangian. Using Eq. (5) together with the Lagrangian and the renormalization scheme specified below, we list in Fig. 1 all Feynman graphs that contribute to the AV charges up to order p 3 . For our study, we need the following four terms from the BχPT Lagrangian
where the last two contributions contain the decuplet fields. The number in brackets denotes the chiral order of each part. The first term is the standard leading-order baryon-octet Lagrangian and the second term the p 3 -order part constructed in [42] [43] [44] . Their explicit expressions are
where ... denotes the flavor trace and all further notations are explained in App. A. All the LECs in the chiral Lagrangians are formally defined in the chiral limit where, for instance, M B0 represents the corresponding baryon mass. At LO, the complete meson-baryon and AV baryon interactions are parametrized by only the two LECs D and
B does not contain operators that contribute to the AV couplings of the baryons, while several appear at O(p 3 ) that are parameterized by the h i LECs. Note that here we choose the h i with the opposite sign as in [42] [43] [44] and that only the structures h 38,39 and h 43,44 contain explicit SU (3) symmetry breaking terms while the structures h 40,41 include SU (3)-singlets. Finally, the LEC h 42 does not contribute to SHDs or the isovector couplings (in the isospin limit), although it contributes to the singlet and octet charges of the baryons. We will discuss in Sec. IV C the important consequences of this on the interpretation of the proton's spin.
For the decuplet Lagrangians we use:
where X ab denotes the matrix element in the a-th row and b-th column. Each entry of the totally symmetric tensor T abc is a spin-3/2 Rarita-Schwinger spinor representing a decuplet baryon. In App. A we define explicitly all relevant quantities. The C and H are the AV octet-decuplet and decuplet couplings, respectively, and M D0 is the chiral-limit decuplet baryon mass. In the case of C, our definition differs by a factor of 2 as compared to the large N c work [14] .
The above decuplet Lagrangians implement the consistent couplings of [26] [27] [28] . They are consistent in the sense that the invariance of the free theory under a decuplet field redefinition of
, with ǫ (x) a spinor field, carries over to the interacting theory. This ensures the decoupling of the spurious spin-1/2 components of the Rarita-Schwinger spinor. In this way we also obtained the last term in Eq. (8), i.e. by substituting
With the above Lagrangians, we can now write down all terms that contribute up to order p 3 to the AV charges g
and g BB A, 3 . The full unrenormalized result in dimensional regularization is
where the notation matches the one of Fig. 1 and we list all contributions explicitly in App. B. The factors Z B are the wavefunction-renormalization constants which, at this order, only contribute through the LO terms. Furthermore, we apply the EOMS renormalization scheme [24, 25] at a scale Λ = M B . We use Eq. (11) to fit in Sec. IV the data of Tab. I. Some of the LECs appearing in the loop functions are already well constrained by other observables than the AV charges and we will use this additional information. Explicitly, these are the meson decay constant f 0 , the baryon masses M B0 and M D0 , and the couplings of the decuplet C and H, all in the chiral limit. The former three can be determined using the extrapolation of lQCD data, namely, f 0 ≃ 87 MeV [45] , M B0 ≃ 880 MeV [46] and M D0 ≃ 1152 MeV [47] . The decuplet couplings in the chiral limit are not well known and we use the Large N c relations C = −D and H = 3D − 9F [14] , which are valid up to 1/N 2 c corrections. However, one can also use an alternative set for these parameters based on their experimental values which are better known. In this case, f 0 = f , M 0 = M B and M D0 = M D , where f is the average of physical pion, kaon and η-decay constants and M B(D) the average of the physical baryon masses in the respective multiplet. The octet-decuplet coupling is determined from the (strong) decuplet decays to C = −0.85 (15) . The experimental decuplet coupling H is not known and we use again the large N c relation.
In Tab. II we list the input parameters used in each case. Note that both choices are equivalent as one can rewrite one into the other at the expense of higher order contributions. We will perform our analysis with these two sets of values in order to assess systematic uncertainties.
As a final remark concerning the determination of D and F at O(p 3 ), we note that the LECs h 40,41 have the same structure as the LO couplings but come multiplied by a singlet of quark masses. We introduce lQCD results on the AV couplings in our statistical analysis precisely to disentangle these LECs from the D and F . Table II : Values of low-energy constants fixed in our fits. We list the meson decay constant f0, the pion, kaon and η masses Mπ, MK and Mη, and the octet and decuplet masses MB0 and MD0, respectively. As described in the text, we use two perturbatively equivalent sets for the explicit numerical values entering the fits.
IV. RESULTS
In this section we analyze the SHD data and the lQCD results described in Sec. II and listed in Tab. I. We use the covariant BχPT in the EOMS scheme [24, 25] up to O(p 3 ), which leads to Eq. (11) for the octet-baryon AV charges. In its complete form, there are eight fitted LECs appearing: D, F , h 38−41,43,44 . The Tab. I contains updated experimental data as compared to the ones used in previous works. We start discussing earlier results obtained in analyses done at LO in the chiral expansion or at NLO in the HBχPT or IR-BχPT approaches.
A. Leading order results and previous NLO BχPT analyses
We examine first the description of the data at leading order in BχPT, i.e. to O(p). This is equivalent to the SU (3)-symmetric Cabibbo model [6, 7] and the fits are shown in Tab. III. We approximately reproduce the results of [7] , taking into account the updated SHD data and also excluding the Σ − → Λ channel. Its consideration worsens the LO fit as it produces the highest contribution to the χ 2 . However, in the next section we will see that the description improves at NLO. For illustration, we also include the lQCD data in one of the fits. This gives similarly good results, which already indicates that the quark-mass dependence of the AV charges is moderate. Additionally, this suggests that the interpretation given in [7] that there are only mild SU (3) breaking effects in SHD carries also over to unphysical quark masses. We will discuss this later in more detail. Table III: Cabibbo model fits to the SHD data. The leading order BχPT is equivalent to the Cabibbo model. In the second column we use the old data of [7] and in the others the data of Tab. I where the Ξ 0 → Σ + mode is updated [8, 9] and the Σ − → Λ one is included. At NLO there are several works on the AV charges in HBχPT [10, 11, 48] . Many more studies implement a combined chiral and 1/N c expansion that aims at exploiting the cancellations between octet and decuplet loop diagrams arising in the Large N c limit [12] [13] [14] [15] [16] [17] . Here we will restrict ourselves to the discussion of the previous analyses of the chiral expansion of g 1 (0).
The HB results can be obtained by keeping only the LO term of a (non-relativistic) expansion of the covariant loop-functions in powers of 1/M B . We have checked that we recover all the non-analytic structures reported in these earlier HB works, including those concerning the decuplet contributions in the SSE [15] . The main difference of these and g X A,3 of the SHD and octet baryons compared to our fits including explicit virtual decuplet states. Blue circle markers denote the fitted input data points. The square markers denote our full BχPT results while the triangle markers show the LO contribution. The shaded area corresponds to the lQCD input from [31] and [32] . In the case of the lQCD data from [32] , the data points are listed from left to right with increasing Mπ.
studies with respect to ours is that all the contributions from analytic parts were neglected. That is, those stemming from the loop contributions were removed and h i = 0 was assumed, as well as the approximations ∆ = M D0 −M B0 = 0 and M π = 0 were employed. To account for all this, the errors of the SHD data were increased globally to 0.2. In using these same approximations and the data of Tab. I, we are able to qualitatively reproduce the results and conclusions of [10, 11] .
In any case, this treatment of NLO corrections and the increment of error bars is not systematic. In particular, we will see below that the role of the analytic terms is very important and they are a source for cancellations at NLO that dominate those between the octet and the decuplet.
Apart from the HB studies, the work in IR-BχPT of Ref. [18] correctly incorporated the O(p 3 ) contact terms, i.e. included all the LECs h i . To perform fits, the two SU (3) symmetric LECs h 40/41 are absorbed into D and F , leading to the same number of fit-parameters as of input data. They specifically investigated the effect of the leading recoil corrections in the IR-BχPT, and found that these, which formally are of O(p 4 ) in the HB expansion, are typically larger than the LO ones. Naturally, the conclusion of this study was that the convergence of the chiral expansion of g 1 (0) is severely broken.
However, this work has some weaknesses that need to be scrutinized. Firstly, the fitted parameters D and F are not those defined in the chiral limit but an effective parametrization which mixes O(p) and O(p 3 ) contributions. This hinders any definite discussion about the convergence of the chiral expansion of g 1 (0). Secondly, the decuplet contributions are neglected despite of the important role they play in reducing the overall size of the loop corrections, as suggested by the previous HB and Large N c studies. Finally, and most importantly, it must be investigated if the large size of the recoil corrections reported in this paper, which are roughly a factor 10 larger than expected by power counting, is a genuine problem of the chiral expansion or, instead, an artifact introduced by the IR renormalization scheme. In the next section, we discuss our complete results in the EOMS scheme where we tackle all the issues mentioned above.
B. Results in the EOMS-BχPT at NLO
In Tab. IV and Fig. 3 , we show our final results of the EOMS-BχPT fits to the SHD data and lQCD results discussed in Sec. II. The description is excellent at NLO whether decuplet resonances are explicitly included or not. Also, the Σ − → Λ mode can now be consistently described. For each channel and fit strategy, we separate the different contributions to g 1 (0). By looking at the last row in Tab. V, it can be noticed that the total NLO contribution is typically smaller than 20% (30%) of the LO one, except for the Σ − → n channel which could be up to a ∼ 68% (∼ 118%) in the theory with (without) explicit decuplets. The overall picture is consistent with the naive power counting by which one expects the O(p 3 ) corrections to be around (M k /Λ) 2 ∼ 25% of the O(p) ones. As a consequence, BχPT at NLO is compatible with small SU (3)-breaking effects in the SHD. This is remarkable since only at LO the Lagrangian is fully SU (3) symmetric and most NLO operators or loop corrections break the symmetry. This structure, together with the actual number of LECs, is not arbitrary but dictated by spontaneous chiral symmetry breaking and chiral power counting. In practice, the successful description of the SHD data and the good convergence are achieved by sizable cancellations between the different NLO terms. These cancellations are different in the theories with or without the explicit decuplet baryons.
In the theory without the decuplet, the loop contributions are given by the tadpoles (T 3 ) and the diagrams with internal octet baryons (B loops ) only. Individually, these are typically 25% of the LO value although they can be as large as a 50%. On top of that, they have the same sign in almost all the channels. The large SU (3)-breaking thus produced is not compatible with the SHD data and, as a result, the LECs h i coming from the O(p 3 ) contact-terms (C 3 ) are adjusted in the fit to largely cancel the effects of the loops.
On the other hand, in the theory with explicit decuplet contributions, the new loops (D loops ) can be as sizable as the other ones but, generally, with the opposite sign. We observe that the octet-decuplet cancellations found in [11] carry over to the covariant formulation of BχPT and using a finite octet-decuplet mass splitting. The main consequence of this is an important reduction of the net contribution of the loops and, hence, of the size of the C 3 terms. Although the results and overall convergence patterns look equivalent in both theories, the inspection of the different pieces reveals that the values of the LECs in the theory with the decuplet are more natural.
In Tab. V we show the values of our fitted parameters. As discussed in Sec. III, one has the freedom at NLO to fix some the LECs to either their chiral limit values or the average of their physical ones. Our default choice is the latter, which corresponds to the results of Tab. IV. However, we list the values of the fitted LECs for both choices and notice that the results are rather insensitive with respect to these sets of input parameters. We also tested the impact of the decuplet LEC H when allowing for a 10% ∼ 1/N 2 C uncertainty to the large-N C input or fixing it by the SU (2) relation H = −g A (8/5). In all cases we obtain results that are compatible within the statistical uncertainties of those given in Tabs. IV and V.
In the last row of Tab. V we show the reduced χ 2 for the different fits. By comparing them to those from the LO fits in Tab. III, one notes that the description of the data improves at NLO. The values of D and F change by ∼ 21% and ∼ 6%, respectively. Furthermore, it is remarkable that at NLO the ratio F/D is closer to its Large N c prediction of 2/3. As for the O(p 3 ) LECs, there are large differences between the results in the theory with or without the decuplet. This is expected on general grounds since the effects of the resonances are encoded in the values of the LECs in the latter case.
As a final result for D and F we report
which is the average between our results with explicit decuplets as listed in Tab. V. This accounts for the "naturalness" issue we addressed above for the decuplet-less theory and the fact that integrating out decuplet resonances in a SU (3) context is not well justified. The first error is statistical and the second a systematical one, that covers the central values of the two fits. As an interesting by-product of our results, we predict the chiral-limit value of g A0 = 1.064(77) (19) in the SU (3)-BχPT, which is smaller than the physical AV charge of g A = 1.270(3).
Having obtained a reliable description of the g 1 /f 1 ratios of the SHD, we are also able to discuss the channels that did not enter in our fits. These are the SHDs Σ − → Σ 0 and Ξ − → Ξ 0 and the isovector AV charges g
and g
at the physical point. They are not experimentally measured yet and our values are predictions. We list the results in the last four columns of Tab. IV. Note that the values shown for the SHD and the charges are related by isospin. However, for convenience we give both of them explicitly.
Since we can apply a non-relativistic expansion to our covariant formulas, we are also able to perform a similar SHD study in the HB formalism. We list the results for the decuplet-less case in App. C. Also with this approach, we obtain an excellent description of the SHD data with equivalent conclusions to those discussed above. These findings, together with our EOMS results above, are quite the opposite to those in the covariant IR-BχPT study [18] where very large recoil corrections are reported. As a result, we conclude that the stated poor chiral convergence might be related to the problems this covariant prescription introduces in the analytic structure of the loop functions [20] [21] [22] [23] . Apart from this, we want to stress that the agreement between covariant and HBχPT is quite remarkable given the sizable differences that have been found between these approaches in other SU (3)-BχPT applications [20, 30, 39] . Probably this is a consequence of the large number of LECs at NLO, as it can be seen by comparing the values in the different columns. Differences between the two approaches might show up in other observables where the values of these LECs also appear, e.g. in meson-baryon scattering processes. and g B A,3 are connected by isospin symmetry. Finally, we are also able to discuss how the SU (3)-breaking effects behave for unphysical quark-masses. In Figs. 4 and 5 we show the chiral behavior of the isovector AV charges as function of M π , together with the ratios of the NLO contributions over the LO ones, i.e. their chiral convergences. We also plot the LO contributions of the NLO fits as well as the results of the pure Cabibbo model fits (LO BχPT) of Sec. III.
We see that the chiral behavior is quite flat and is in very good agreement with the LO result and the dependence shown by the lQCD studies. Therefore, the cancellations among various p 3 terms at the physical point also hold for unphysical quark masses. The overall chiral convergence is very acceptable for the whole quark-mass region. Similar chiral extrapolations can be found in the theory without explicit decuplet states as well as in the HB approach.
C. Octet axial-vector charges and the quark contribution to the proton's spin
A very important application of the study of the SHDs has been the prediction of the octet axial charge of the proton, g 8 A . This is defined as the axial charge corresponding to P (p ′ )|qγ µ γ 5 λ 8 q|P (p ′ ) and its importance lies on the fact that it gives a crucial constraint to obtain the flavor structure of the quark contribution to the proton's spin (see [49] for a recent review). Even though this is an old and persisting question in nucleon structure, the value of g and it is often used in the phenomenological analyses. However, a model-independent understanding of the quark contribution to the proton spin requires a better determination of g 8 A and efforts in this direction have been undertaken in lQCD [50, 51] .
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In principle, BχPT can be used to improve the determination to higher orders in the chiral expansion. Such studies were carried out in the HB [10] and IR [18] schemes and the conclusions were in both cases that the NLO correction could be very large which hampered the convergence of the chiral expansion of g 8 A . However, these conclusions are afflicted by the same caveats as those addressed above in Sec. IV A, and they should be revised in the context of the current full NLO calculation. Furthermore, the octet axial charge receives a contribution from a LEC, h 42 , that is not constrained by SHDs data as it does not contribute to the flavor-changing transitions or to the isospin related isovectorial charges. This fact has been overlooked in the previous chiral analyses and it precludes a determination of g 8 A from SHDs alone. Nevertheless, even without a precise value for h 42 we are able to study the convergence of g Tab. VI. By comparing the overall LO and NLO contributions, we see that the convergence in this scenario is good, with NLO corrections about a 20% (30%) the LO ones in the decuplet (decuplet-less) theory. In the theory without decuplets one finds that the total loop contribution is quite large. As a consequence, the NLO contact-terms are sizable and as large as the total LO. This leads to the same naturalness considerations discussed above for the AV charges. On the other hand, the diagrams with decuplet baryons reduce the net loop contribution and improve the convergence.
The current analysis clarifies the structure of the chiral expansion of the octet axial coupling of the proton and opens the possibility for a model-independent treatment of its SU (3)-breaking corrections and for an improvement of the phenomenological extractions of the quark content of the proton's spin.
V. SUMMARY
We have studied the axial-vector charges of the octet baryons in SU (3) covariant BχPT up to O(p 3 ) using the EOMS scheme and including decuplet resonances. We report that BχPT at this next-to-leading order consistently describes the charges as well as the ratios g 1 /f 1 of the axial-vector and vector couplings measured in the semileptonic hyperon decays. This is a novel feature as compared with previous BχPT studies in the non-relativistic heavy-baryon scheme or the relativistic infrared approach. Explicitly, we have been able to determine all appearing low-energy constants from simultaneous fits to the semileptonic hyperon decay data and available lQCD results. This includes the leading-order constants D and F as well as all the NLO constants h [38] [39] [40] [41] 43, 44 . Along this, we have clarified the role of the different contact-terms appearing at this order which were not treated systematically in the previous works. Especially, we disentangle the two singlet LECs h 40,41 from D and F , which lead to an accurate determination of the latter and a consistent discussion of the chiral convergence for the axial-vector charges.
We report a systematic improvement of the theoretical understanding of the data with respect to the SU (3)-symmetric Cabibbo model, which is equivalent to the BχPT at LO. That is, at NLO we are also able to consistently include the mode Σ − → Λ, as well as we obtain NLO corrections that are typically 20% of the LO ones. This size of NLO effects is in agreement with the naive power counting. Therefore, our analysis shows that SU (3)-symmetrybreaking effects, as given by the spontaneous chiral symmetry and the chiral power counting in BχPT, are important to understand the SHD data accurately.
In practice, the agreement at O(p 3 ) is achieved by sizable cancellations between different SU (3) breaking terms, in particular those parameterized by the NLO LECs h i and the ones from the loops. We showed that considering only NLO non-analytic terms is not enough and that NLO analytic terms play an important role. The cancellations themselves appear in both theories with and without explicit decuplet states, however, they have a different structure. In the case with decuplet baryons, we found that their explicit contributions are a source of cancellations which lead to more natural values for the NLO LECs. This is in agreement with the expectations derived from the analysis at large N c . Furthermore, the fact that in the decuplet-theory we can successfully describe the small SU (3)-breaking in g 1 (0) by means of a chiral expansion without anomalously large or small chiral corrections at NLO is a very non-trivial outcome of our study.
A phenomenological consequence of our work is the determination of the LO axial couplings D = 0.623(61)(17) and F = 0.441(47)(2) up to O(p 3 ) accuracy in a completely systematic fashion. Remarkably, these values are closer to the Large N c ratio D/F ∼ 2/3 than at LO and they predict the axial coupling of the nucleon in the chiral limit and in SU (3) to be g A0 = 1.064(77) (19) . We also predict the isovector axial-vector charges for the Λ, Σ + and Ξ 0 or, equivalently, for the SHD channels of Σ − → Σ 0 and Ξ − → Ξ − . Finally, we have discussed an important application of the analysis of the axial-vector charges, namely the prediction of the octet axial coupling g 8 A and its role in the determination of the quark content of the proton spin. More specifically, we have found that there is a contribution from a NLO contact-term (whose LEC is labelled by h 42 ) which is unconstrained by SHDs. Therefore one needs additional experimental or nonperturbative information to determine this parameter. Nevertheless, we studied the chiral convergence of g 8 A and concluded that it is reasonable. This should allow for a model independent determination of this quantity.
The octet baryon field B (x) is defined by
The decuplet field T (x) is defined by the totally symmetric tensor T 
together with the decuplet baryon propagator as
The external axial-vector field is defined by 
with 
with
All the coefficients K i are listed in the tables VII-VIII. Appendix C: Heavy-baryon results 
